Abstract. Transforming growth factor-β1 (TGF-β1) is critical in controlling inflammatory responses and the prevention of autoimmune diseases. Although the effect of TGF-β1 on macrophages from normal mice or rats has been established, little attention has been paid to its effect on disease conditions. In the present study, we investigated the regulatory effect, and possible mechanism, of TGF-β1 exposure on the secretion of nitric oxide (NO) in peritoneal macrophages (PMΦ) obtained from collagen-induced arthritis (CIA) rats. The CIA model was established by immunizing the emulsion of collagen type II and incomplete Freund's adjuvant (IFA) in Wistar rats. PMΦ were incubated with TGF-β1 (5 ng/ml) for 36 h and the supernatant, and cell mRNA and protein were collected. NO concentration was determined using an NO assay kit. The mRNA expression of inducible nitric oxide synthase (iNOS) and Toll-like receptor 4 (TLR4) was determined using reverse transcription-polymerase chain reaction (RT-PCR). The protein expression of iNOS was tested with western blot analysis. The expression of membrane TLR4 was determined by flow cytometry. We discovered that the secretion of NO from the PMΦ of CIA rats increased compared with normal rats. TGF-β1 significantly inhibited the production of NO in the PMΦ from CIA rats. iNOS mRNA and protein expression in the PMΦ from CIA rats may be suppressed by TGF-β1. TLR4 mRNA and protein expression in PMΦ from CIA rats were upregulated with LPS stimulation and treatment with TGF-β1 inhibited their expression. These results demonstrated that TGF-β1 inhibited lipopolysaccharide (LPS)-induced NO production in the PMΦ from CIA rats, which may be due to the inhibition of the LPS-TLR4 signaling pathway.
Introduction
Three transforming growth factor-β (TGF-β) isoforms, TGF-β1, TGF-β2 and TGF-β3, have been identified in mammals. They have similar biological functions, even though they are expressed in different tissues (1) . TGF-β is synthesized in its inactive form containing TGF-β, the dimeric proprotein, known as the latency-associated peptide (LAP), and the latent TGF-β binding protein (LTBP) (2, 3) . Under physiological conditions, with additional stimuli such as a low pH and proteolysis, active TGF-β is liberated from the LTBP/LAP/TGF-β complex either in a membrane-bound or soluble form. The active form of TGF-β exerts its functions by binding to its receptor on the cell surface (4) (5) (6) (7) .
Amongst the three isoforms, the pleiotropic cytokine TGF-β1 is produced by a number of cells, including macrophages, epithelial cells, fibroblasts and eosinophils. It is a regulatory molecule with an effect on various biological processes such as growth, development, tissue homeostasis and regulation of the immune system (8) . The pivotal role of TGF-β1 within the immune system is to maintain tolerance via the regulation of lymphocyte proliferation, differentiation and survival. TGF-β1 prevents the development of autoimmune diseases without compromising immune responses to pathogens (9) . TGF-β1 has been considered to be a major anti-inflammatory cytokine; it also exerts proinflammatory properties depending on the cell type, tissue of origin or a variety of other factors (10) . Based on the data obtained from transgenic mice lacking TGF-β1, the predominant role of TGF-β1 in vivo is in anti-inflammation and immune suppression (11, 12) . Furthermore, TGF-β1 controls the initiation and resolution of inflammatory responses through the regulation of chemotaxis and activation of leukocytes in the periphery (9) .
Rheumatoid arthritis (RA) is an inf lammatory autoimmune disease that affects ~1% of the population worldwide. It is characterized by the chronic and persistent inflammation of the synovium and the progressive erosion of cartilage and bone (13) . The correlation between the TGF-β1 serum levels and the functional class in RA has been demonstrated (14) . Kim et al revealed that TGF-β1 polymorphism determines the progression of joint destruction in RA (15) . TGF-β1 mRNA was expressed in the synovial tissues (17) . Our previous study revealed that the anti-arthritic drug leflunomide upregulated CD4 + CD25 + Tregs in collagen-induced arthritis (CIA) rats, which correlated with the enhanced expression and secretion of TGF-β1 (18) .
In order to gain further understanding of the role of TGF-β1 in its anti-inflammatory function, we established the rat CIA model and examined the effect of TGF-β1 on peritoneal macrophages (PMΦ) obtained from the CIA rats. Furthermore, the critical role of the lipopolysaccharide (LPS)-Toll-like receptor 4 (TLR4) cell signaling pathway on the inhibitory effect of TGF-β1 was investigated. Clarifying the processes of macrophage activation in RA is useful for tracing the therapeutic target molecule to reduce inflammation and the resultant joint injury in rheumatoid diseases.
Materials and methods
Reagents. Bovine type II collagen (CII), incomplete Freund's adjuvant (IFA) and LPS (Escherichia coli serotype 055:B5) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The RPMI-1640 medium from Gibco Co. (Carlsbad, CA, USA, pH 7.2) was supplemented with HEPES 25 mmol/l, L-glutamine 2 mmol/l, 2-mercaptoethanol 50 µmol/l, penicillin sodium 100 IU/l, streptomycin 100 IU/l and sodium pyruvate 1 mmol/l with pH 7.2. Recombinant human TGF-β1 was purchased from Life Technologies (Grand Island, NY, USA). Inducible nitric oxide synthase (iNOS), TLR4 and β-actin primers were produced by Shanghai Sangon Biological and Technological Company (Shanghai, China). Total RNA isolation system and reverse transcription polymerase chain reaction (RT-PCR) system were purchased from Promega (Madison, WI, USA). Rabbit polyclonal iNOS antibody, TLR4 mAb and β-actin mAb were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). SuperSignal West Femto Maximum Sensitivity Substrate 34094 was purchased from Pierce Biotechnology, Inc. (Rockford, IL, USA). The nitric oxide (NO) reagent kit was obtained from the Nanjing Jiancheng Bioengineering Institute (Nanjing, China).
Animals. Wistar rats (male, 110-130 g) were purchased from the Experimental Animal Center of Anhui Medical University. They were housed in standard cages at a constant temperature of 22±1˚C, 55±5% relative humidity with a natural dark-light cycle for 1 week prior to the start of the experiment. The animals had free access to food and tap water. The experimental animal protocol was approved by the Anhui Medical University Animal Care and Use Committee. The study was approved by the Ethics Committee of Shanghai Jiao Tong University School of Medicine, Shanghai Ninth People's Hospital, Shanghai, China.
Establishment of CIA. CII was dissolved in a 0.1 M acetic acid solution at 2 mg/ml by stirring overnight at 4˚C. The dissolved CII was emulsified with an equal volume of IFA. On day 0, rats were injected intradermally with 0.5 ml of the emulsion (containing 0.5 mg of CII) at the base of the tail and 3-5 additional sites on the back (18) . Seven days later, a second injection of CII in IFA was administered in the same way.
Preparation of PMФ.
On day 18, following immunization, rats were sacrificed by bleeding. PMФ (1 ml, concentration of 2x10 6 cells/ml) were collected and cultured in a 24-well culture plate. Following 2 h of pre-incubation, non-adherent cells were removed by washing twice with cool PBS. The monolayer of PMФ was obtained and identified by anti-CD68 mAb with >90% staining. PMФ were stimulated by LPS (3 µg/ml) with or without TGF-β1 (5 ng/ml) for 36 h. Following centrifugation at 500 x g for 10 min, all supernatants containing NO were collected and stored at -20˚C until assay. The remaining cells were collected for mRNA and protein determination.
Determination of cell viability. Primary cultured rat PMФ were grown in 96-well plates at a concentration of 5x10 4 cells/well followed by treatments for various times. To measure cell viability, 10 µl of 5 mg/ml 3-(4,5-dimethyl-2-thiazolyl)2,5-diphenyl-2H-tetrazolium bromide (MTT) in growth medium was added to each well. Following incubation with MTT for 4 h at 37˚C, the cell medium was removed. The precipitated formazan, a product of the MTT tetrazolium ring by the action of mitochondrial dehydrogenases, was dissolved with DMSO and the absorbance (A) was quantified spectrophotometrically at 570 nm. In addition to the drug treatment wells (served as sample wells), blank wells with no cells and control wells with vehicle treatment were set up at the same time. Cell viability was calculated as: (A sample -A blank )/(A control -A blank ) x 100.
NO assay. NO concentration was determined using a NO reagent kit according to the manufacturer's instructions.
RT-PCR.
Total RNA was extracted from rat spleen lymphocyte using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. The first strand of cDNA was synthesized using total RNA (1 µg/reaction) incubated at 70˚C for 10 min and immediately cooled on ice. MgCl 2 (4 µl of 2 mM), 2 µl of reverse transcription 10X buffer, 2 µl of 10 mM dNTP mixture, 0.5 µl of recombinant RNasin ribonuclease inhibitor, 15 U of AMV reverse transcriptase, 0.5 µg Oligo(dT) 15 primer and nuclease-free water were added to a 20 µl volume reaction. The mix was incubated at 42˚C for 1 h, heated at 95˚C for 5 min and incubated at 4˚C for 5 min. cDNA (50-100 ng) was amplified using primers specific for rat iNOS, TLR4 and β-actin. Primer sequences and optimal PCR annealing temperatures and cycle numbers are listed in Table I . PCR was performed for 35 cycles according to the following procedure: 94˚C for 40 sec, annealing temperature for 40 sec and 72˚C for 40 sec. PCR products were subjected to 1.5% agarose gel electrophoresis and semi-quantified by optical density (OD) with an Image Pro Plus software computer program (Ipwin 32, Media Cybernetics, L.P., Bethseda, MD, USA). RNA expression was quantified by comparison with internal-control β-actin.
Western blot analysis. Following incubation, cells were lysed. Protein content was determined using the BCA Protein Assay kit. A 20 µl sample of PMФ lysate (20 µg protein) was separated on 12% SDS-PAGE and electroblotted onto a nitrocellulose membrane. The membrane was incubated overnight with diluted rabbit polyclonal iNOS antibody (1:1,000), followed by incubation with HRP-conjugated anti-rabbit IgG (1:10,000). The β-actin antibody was used as a control for protein loading. Immunoreactive proteins were detected by chemiluminescence and quantified using imaging densitometry.
Immunofluorescence flow cytometry. PMФ were resuspended in FACS wash buffer (PBS, 5% BSA and 0.05% sodium azide) and incubated with anti-TLR4 mAb for 1 h in 4˚C. After three washes with PBS, fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG antibody was added to test cell surface molecule TLR4. After washing with PBS for three times, the labeled cells were immediately detected using a FACS Calibur (Becton-Dickinson, San Diego, CA, USA). Analysis of 10,000 lymphocyte events per tube was performed using WinMDI software (Joseph Trotter, Scripps Research Institute, La Jolla, CA, USA).
Statistical analysis. Data are expressed as the means ± SEM. Significant differences between groups were determined by one-way analysis of variance (ANOVA). P<0.05 was considered to indicate a statistically significant difference.
Results

TGF-β1 suppresses LPS-induced NO production in PMФ
from CIA rats. The NO mediator has an important role in the inflammatory process. To examine how TGF-β1 regulates the production and expression of this mediator, the levels of secreted NO were measured with a commercial kit. According to the literature and our previous study, TGF-β1 at the concentration of 5 ng/ml for 36 h was incubated with PMФ from CIA rats stimulated by LPS (3 µg/ml) (19) . As shown in Fig. 1 , the secretion of NO in the PMФ of the model CIA group was significantly enhanced compared with that in the normal group following stimulation with 3 µg/ml LPS for 36 h. The production of NO in the TGF-β1 (5 ng/ml) group was markedly decreased compared with the model group.
Inhibitory effect of TGF-β1 on the production of NO was not due to its cytotoxicity. To examine whether the inhibitory effect of TGF-β1 on the production of NO was due to its cytotoxicity, PMФ from CIA rats were incubated with 2-10 µM TGF-β1 for 48 h. The MTT assay reflects the metabolic activity of cells and serves as a helpful indicator of cell viability. As demonstrated in Fig. 2 , within our tested TGF-β1 concentrations, during the assessed times, the cell viability of PMФ from CIA rats was unaffected by TGF-β1 compared with the vehicle control group. The results demonstrated that there was no cytotoxic effect of TGF-β1 on PMФ from CIA rats observed at the concentration of 5 ng/ml for 36 h, thus the inhibitory effect of TGF-β1 on the production of NO was not due to its cytotoxicity.
TGF-β1 suppresses iNOS protein expression in PMФ from
CIA rats. To understand how TGF-β1 participates in the LPS-stimulated secretion of NO in PMФ from CIA rats, the effect of TGF-β1 on the gene and protein expression of iNOS were investigated. As shown in Fig. 3A , iNOS mRNA expression increased significantly in the model CIA group compared with the normal group. However, treatment with TGF-β1 (5 ng/ml) for 36 h markedly inhibited the LPS-induced iNOS mRNA expression in the PMФ from the CIA rats. Fig. 3B illustrates that iNOS protein expression increased significantly in the PMФ of the model group compared with the normal group. When the PMФ from the CIA rats were incubated with TGF-β1 (5 ng/ml) for 36 h under the stimulation of LPS, the iNOS protein expression was downregulated.
Involvement of the LPS-TLR4 pathway in the inhibitory effect of TGF-β1 on PMФ from CIA rats.
To further understand the effect of TGF-β1 on the PMФ obtained from the CIA rats, we investigated the effect of TGF-β1 on the LPS-TLR4 signaling pathway. As shown in Fig. 4A , the expression of TLR4 mRNA in the PMФ of the model CIA group was significantly enhanced compared with that in the normal group following stimulation with 3 µg/ml LPS for 36 h. However, when PMФ was incubated with TGF-β1 (5 ng/ml), the expression of TLR4 mRNA in the PMФ of the model CIA group was markedly suppressed. Fig. 4B reveals that the treatment of PMФ from CIA rats with LPS (3 µg/ml) caused a substantial increase in the expression of TLR4, but TGF-β1 (5 ng/ml) resulted in the inhibition of TLR4 expression on the surface of the PMФ from the CIA rats.
Discussion
Macrophages, present in all tissues of the human body, are segregated into resident tissue macrophages and inflammatory macrophages. Tissue macrophages normally assist in guarding against invading pathogens and regulating tissue remodeling in the local microenvironment (20) . With the appropriate stimuli, inflammatory macrophages differentiate from circulating monocytes and accumulate in large numbers at sites of inflammation. They may infiltrate damaged tissues and cause further tissue injury (21, 22) . Macrophages are involved in stimulating the adaptive immune system by processing and presenting antigens. Furthermore, they are key regulators of the innate immune defense against microbial infections, which is involved in the secretion of pro-inflammatory mediators and phagocytic activities (23) . Previous studies have revealed that RA is characterized by the presence of large numbers of highly activated macrophages and anti-arthritic drugs may function by inhibiting macrophages (18, 24) .
Although the role of TGF-β1 in suppressing the macrophages of normal mice or rats has been well Figure 3 . (A) Effects of TGF-β1 on LPS-induced iNOS mRNA expression in PMФ from CIA rats. PMФ were divided into groups: 1, normal group; 2, model CIA group; 3, TGF-β1 (5 ng/ml) group. PMФ was stimulated by LPS (3 µg/ml) with or without TGF-β1 (ng/ml) for 36 h. iNOS mRNA expression in PMФ was then detected by RT-PCR. Experiments were repeated three times. (A) Represents one of the results. (B) Effects of TGF-β1 on LPS-induced iNOS protein expression in PMФ from CIA rats. PMФ were divided into groups: 1, normal group; 2, model CIA group; 3, TGF-β1 (5 ng/ml) group. PMФ was stimulated by LPS (3 µg/ml) with or without TGF-β1 (5 ng/ml) for 36 h. iNOS protein expression in PMФ was then detected by western blot analysis. Experiments were repeated three times. documented (25, 26) , little attention has been given to the effect of this cytokine under RA conditions. Previous studies have demonstrated that TGF-β1 suppresses iNOS mRNA expression induced by LPS and IFN-γ in macrophages (27, 28) . RAW 264.7 cells expressing TGF-β1 type II (TβIIDN) [overexpressing a dominant negative TGF-β1 receptor type II (TβRIIDN) construct] have increased cytotoxic activity that is mediated by the upregulation of iNOS and TNF-α expression. Elevated iNOS and TNF-α levels, in association with IFN-γ, were detected in RAW-TβRIIDN cells (29) . TGF-β1-/-mice exhibited dysregulation of IFN-γ signaling and high levels of iNOS expression and nitrite in the serum (30) . In this study, TGF-β1 suppressed LPS-induced NO secretion in the PMФ from CIA rats. Thus, the effect of TGF-β1 on the production of NO by macrophages from inflammatory arthritis may be the same as that reported under non-inflammatory conditions. NO is produced from the oxidation of L-arginine in a reaction catalyzed by NO synthase (NOS), which has three major isoforms, constitutive neuronal NOS (NOS I or nNOS), inducible NOS (NOS II or iNOS) and constitutive endothelial NOS (NOS III or eNOS). nNOS and eNOS are constitutively expressed in various cells, releasing NO under physiological conditions and are involved in certain physiological functions, such as antimicrobial, anti-atherogenic, or apoptotic actions (31) . However, aberrant iNOS expression may be induced by various proinflammatory agents, such as endotoxins (LPS) and cytokines (IL-1β, TNF-α and INF-γ), in macrophages and other cell types. NO mediates diverse functions by acting on the majority of cells in the body through interactions with various molecular targets. Low NO concentration, following the induction of iNOS, possesses a beneficial role in the antimicrobial activity of macrophages against pathogens (32) , whereas the excessive production of NO and its derivatives has been implicated in the pathogenesis of shock, inflammation and tissue damage (33) . Our findings confirm these results, demonstrating that the mRNA and protein expression of iNOS in PMФ from CIA rats was upregulated. TGF-β1 significantly downregulates the expression of iNOS in PMФ from CIA rats, so as to inhibit the production of NO and alleviate the NO-induced cytotoxic effect, which may be the mechanism of its protective effect.
TLRs are pattern recognition receptors expressed on the surface of monocytes and macrophages which recognize the specific patterns of microbial components, particularly those from pathogens, and regulate innate and adaptive immune responses (34) . The TLR family consists of at least 13 members (TLR1-TLR13) in the mouse genome and 11 TLRs have been observed in humans. The ligands for the majority of TLRs have been identified. LPS, a component of the cell wall of gram-negative bacteria, activates macrophages by initiating binding to its receptor TLR4. TLR4 activates intracellular signaling pathways, including mitogen-activated protein kinases (MAPKs) and nuclear factor-κB (NF-κB), by myeloid differentiation factor 88 (MyD88)-dependent and independent pathways (35) . The transcription of a series of genes that encode pro-inflammatory cytokines, adhesion molecules and co-stimulatory molecules involved in the initiation or regulation of the inflammatory response were induced (36) . To further investigate the possible mechanism by which TGF-β1 modulates PMФ from CIA rats, the involvement of LPS-TLR4 signaling pathway in the inhibitory effect of TGF-β1 on PMФ from CIA rats was tested. The mRNA expression level of TLR4 in PMФ was analyzed using RT-PCR. The expression of TLR4 on the cell surface was detected using flow cytometry. Our results demonstrate that TLR4 mRNA expression was increased in the PMФ from the CIA rats with LPS stimulation. Moreover, the TLR4 protein on the cellular surface of the PMФ from the CIA rats was also increased. These findings are consistent with previous studies, in which blocking TLR4 in monocytes and macrophages stimulated with LPS resulted in the inhibition of TNF-α and NO production (37) , suggesting that activation through the TLR4 pathway plays a role in inflammation in response to LPS. Nevertheless, TGF-β1 demonstrated an effect on downregulating TLR4 expression in LPS-stimulated PMФ from CIA rats. Thus, the present study demonstrates that the inhibitory effect of TGF-β1 on NO production is dependent on the TLR4 signaling pathway in LPS-stimulated PMФ from CIA rats.
